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Abstract The transiting exoplanet system HAT-P-24 was observed mgusCD
cameras at Yunnan Observatory and Hokoon Astronomicak€edhina in 2010 and
2012. In order to enhance the signal to noise ratio of travshts, the observed data
are corrected for systematic errors according to Colliem@an et al.’s coarse de-
correlation and Tamuz et al’'s SYSREM algorithms. Three nemplete transit light
curves are analyzed by means of the Markov chain Monte Ceclonique, and the
new physical parameters of the system are derived. Theyomsstent with the old
ones from the discovered paper except for a new larger rdtjjus 1.364 Ry of HAT-
P-24b, which confirms its inflated nature. By combining the fwailable epochs of
mid-transit derived from complete transit light curves tirbital period of HAT-P-
24b is refined taP = 3.3552479 d and no obvious transit timing variation signal can
be found from these five transit events during 2010-2012.
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1 INTRODUCTION

Knowledge of exoplanet systems has been greatly expandedgth the study of transiting exo-

planets during recent years. Photometric observationsnéiting exoplanets can provide us with
the sizes and masses of these planets, which are importanhd@rstanding their formation and

evolution (Charbonneau et al. 2000). The continued maniaof previously discovered transiting

exoplanets can signify whether there are some other plan#ie same system, through analyzing
transit timing variation (TTV) and transit duration var@t (TDV) (Agol et al. 2005; Holman &
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Murray 2005; Kipping 2009a,b). Furthermore, new obseovatican allow us to improve measure-
ments of the physical parameters associated transitirtgrags which are helpful for investigating
which factors are related to exoplanet composition, stinecand evolution. Therefore, photometric
follow-up observations of known exoplanet systems are sy important in addition to discover-
ing new ones by photometric surveys. Since 2007, we havenbaguoonitoring project for known
transiting exoplanet systems by using the 1 m telescoperatafuObservatory and the 50 cm tele-
scope at Hokoon Astronomical Centre. The goals are modéli@d TV or TDV phenomena and
refining the physical parameters associated with the sslentoplanet systems.

HAT-P-24b was discovered by Kipping et al. (2010), and itisrdlated hot Jupiter with a mass
of 0.681M}, a radius of 1.24R; and a small eccentricity af = 0.052. The host star GSC 0774—
01441 has spectral type F8V and brightn&ss= 11.818. We monitored this system at Yunnan
Observatory, China in 2010 and 2012, and at Hokoon Astrocain@entre, Hong Kong, China in
2010, and three complete transit light curves were obtaiHede, we present the relative analysis
results on the HAT-P-24 system, which are based on our newptedric observations and the radial
velocity observations in the literature (Kipping et al. BQ1n Section 2, we describe the photometric
observations and relative data reduction strategy. Ini@e8t the parameter analysis is performed
using the technique of Markov chain Monte Carlo (MCMC) andimerove the orbital period by
linear fitting to epochs of mid-transit. In Section 4, the mesults are discussed. Finally, we give a
summary of our new study in Section 5.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Photometric Observations with the 1 m Telescope

HAT-P-24 was observed using an Andor CCD camera with aZ4chip attached to the 1 m tele-
scope at Yunnan Observatory, China on 2010 Dec. 28 and 20L2LBla&During all observations, an
R filter was used and the field of view was3’. In the first observing run in 2010, the weather was
clear with good seeing conditions and the status of theunmstnt was also fine. During the second
observing run in 2012, the weather was clear, but the seandittons were bad, and the status
of the instrument was also not good. The tracking of the ¢eles was slightly bad, and there was
some dust on the filter and the window of the CCD detector, sasee a longer exposure time than
on the first run to obtain higher CCD counts for the stars. iBtanformation on observations is
summarized in Table 1.

2.2 Photometric Observations with the 50 cm Telescope

We observed HAT-P-24 by means of an Apogee CCD camera withxa8Blchip attached to the
50 cm telescope at the Hokoon Astronomical Centre, Hongk@hina on 2010 Dec. 28, which is
the same night as the first run at Yunnan Observatory, namelysed two facilities to observe the
same transit event of HAT-P-24. In this observing runpfaiiiter was employed and the field of view
was31.4’. The weather was good for photometric observations desptéeavy light pollution in
the Hong Kong area. The observing log is listed in Table 1.

Table 1 The Observing Log of the Transiting Exoplanet System HAZ4P-

Date Telescope  Filter  Exposure time (s)  Number of points ciBi@n (mag)
2010.12.28 YOlm R 90-120 197 0.00165
2012.03.15 YOlm R 150 99 0.00250

2010.12.28 HKS50cm R 60 321 0.00283
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2.3 Data Reduction

The observed CCD images of both instruments are reduceckistémdard way by means of the
IRAF package, including image trimming, bias subtractidexk current subtraction, flat-field cor-
rection and cosmic ray removal. During this procedure rdftmmming, we use multiple frames of
bias, dark current, and flat-field to produce the correspanatiaster bias, dark current, and flat-field
images, respectively, which are used in the related stepwage reduction. Values of the instru-
mental magnitude for the target star and comparison statsineduced images are measured by
using the APPHOT sub-package in IRAF. In the measurememtspimal aperture is selected for
each dataset so as to get the minimum dispersion for the@abéght curve. Due to the different
quality of CCD images taken in two nights at Yunnan Obsemyatth and 9 comparison stars are
selected to model the systematic errors in photometricaat2010 Dec. 28 and 2012 Mar. 15, re-
spectively, although we chose the same field of view for baeoving runs. For the data taken at
the Hokoon Astronomical Centre, we select 28 comparisas size to the large field of view of the
50 cm telescope.

2.4 Systematic Error Correction

Because the transit signal of an exoplanet is normally weskuse coarse de-correlation and
SYSREM methods to correct the systematic errors in the phetioc data so as to enhance the
signal to noise ratio of transit events (Collier Cameronle2@06; Tamuz et al. 2005). Firstly, the
photometric data of all comparison stars in the CCD imagestaratively analyzed by the coarse
de-correlation method, during which the possible variatigects and the objects with low preci-
sion are identified. Secondly, the stable comparison stdatshigher precision are used to model
the systematic errors in the photometric data with the SYi@REethod. Then, photometric data of
the target star, HAT-P-24, are corrected by these modekdmsatic errors. Because we model the
systematic errors by simply using the stable comparisais,staprocess which does not consider
systematic trends for the target star HAT-P-24, there dliesgstematic trends left in the resulting
light curves of the target HAT-P-24. Thus, we use a straiigiet fo fit the two regions outside of the
transit event for each dataset, so that we can correct tlefdiat linear systematic trend. For the
time system of our new photometric data, we convert the looa to the Barycentric Julian date
under the Coordinated Universal Time (BJR-) which is used widely in the study of exoplanetary
systems. Through the above steps, we have derived the fihaklirves of the transit events for the
system HAT-P-24, which are displayed in Figure 1 and are tsebtain physical parameters of the
planetary system in the next section.

3 LIGHT CURVE ANALYSIS

In order to derive the system parameters of HAT-P-24, we ise\tCMC technique (details can
be found in references: Collier Cameron et al. 2007; Potlagtcal. 2008; Enoch et al. 2010) to
simultaneously estimate the photometric model of an exmilaiansit event and the radial velocity
model of the host star’s orbital motion with three trangjhli curves and published radial velocity
curve (Kipping et al. 2010, see table 1 of that paper). Siheewtork of Pollacco et al. (2008),
the code we used has been updated to work with cases of bothatiand eccentric orbits; the
adjusted parameters af&;, P, AF, tt, b, M., K1, e, w}, Ty is the epoch of mid-transi? is the
orbital period,AF is the fractional flux deficit during the transit when not cadesing the stellar
limb-darkening ¢ is the transit duration from the first contact to the fourtle gnis the impact
parameter)/, is the mass of the host stdk,; is the semi-amplitude of the radial velocity curve
of the host stare is the orbital eccentricity and is the argument of periastron. Later, Enoch et al.
(2010) established a new calibration for the mass of a hasbsised on stellar effective temperature
T, metallicity [Fe/H] and stellar density,, and put it in the recent modified version of the above
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Fig.1 The unbinned light curves of transit events of HAT-P-24lemétdjustments for systematic
error and trend corrections.

code. Therefore, the mass of the host gtAris not a free parameter, but rather is calculated with
Enoch et al. (2010)’s calibration. In practice, the propasaameters are changed{t®,, P, AF,

tr, b, Ki, ecosw, esinw}. Usinge cosw ande sinw instead ofe andw as the jump parameters, we
increase the convergence rate for the planetary systensmiéii eccentricity. This aspect is clearly
explained in the work of Ford (2005).

The transit light curve is modeled using a small planet axipration (Mandel & Agol 2002),
and the 4-coefficient limb-darkening law is used (Claret®00he four limb-darkening coeffi-
cients are calculated from Claret (2000)’s table of théand through interpolation according to
the effective temperatufE.¢, surface gravityog g, and metallicity [Fe/H] of the host star. With the
Metropolis-Hastings algorithm, the posterior probapidistributions of the system parameters are
obtained, from which the best values and uncertainties ®@fpdrameters are derived. During the
calculation, the effective temperatufgy = 6373 K and metallicity [Fe/HE —0.16 of the host star
are adopted from Kipping et al. (2010)’s work.
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3.1 Initial MCMC Analysis

First of all, we have simultaneously analyzed three newsitdight curves and Kipping et al.
(2010)’s radial velocity curve to derive a global solutiar photometric and radial velocity ob-
servations. The input values of some system parameters @vI® analysis are adopted from the
results of Kipping et al. (2010); the jumping step lengthshef parameters are initially set by con-
sidering the published uncertainties of the parametetsaam adjusted according to the acceptance
ratio. During the calculation, we have tried different ehlingths from 10to 10° and the results
are almost the same as each other. This indicates that, feasa, it is not necessary to use a longer
chain in order to derive a convergent solution. Actually,vage calculated a few of the A{MCMC
chains with somewhat different initial parameter sets, @ntbst the same posterior probability dis-
tributions were obtained. This gives an orbital periodof= 3.35524825 d, which can fit our new
photometric observations and Kipping et al. (2010)’s rii¢ocity observations well. In the second
step, we set the orbital period value as above so we can udeatigt model to derive accurate
values for the epochs of mid-transit. With the MCMC proceduve have analyzed the individual
transit light curve to get the epoch of mid-transit for ea@msit event, which is shown in Table 2.
By combining the new epochs of mid-transit with the onesamtéid from the literature, study of the
orbital period for HAT-P-24 will be performed in the next saéction.

3.2 Orbital Period Study

In order to obtain an accurate value of orbital period, wéeoolall available epochs of mid-transit
with higher precision for the HAT-P-24 system from the léteire and the web, which are determined
by using complete transit light curves with higher qualiyn epoch of mid-transit with good pre-
cision is found in the Exoplanet Transit Database (ET@)d a precise epoch of mid-transit based
on their unique complete transit light curve is selectedfiGipping et al. 2010's paper. These are
listed in Table 2. Combining these two epochs of mid-tramih our three new ones, the orbital pe-
riod study of the transiting system HAT-P-24 is conductedais linear fitting. The newly derived
linear ephemeris formula is as follom8JDy1c=2455243.81797(78)+3.3552479(62). Here £
represents the orbital cycles. The relatige{ C) diagram is displayed in Figure 2. The epoch of
mid-transit from Kipping et al. (2010) is used as the zerapfur the new linear ephemeris formula.

Table 2 The Available Epochs of Mid-transit for HAT-P-24

To (d) Cycle ©—-C)(d) Source

BJDy 2450000+

5243.81878 0 0.00081 Kipping et al. (2010)
5559.21070 94 —0.00057 This paper
5559.21006 94 -0.00121 This paper
5599.47471 106 0.00046 ETD

6002.10454 226 0.00054 This paper

3.3 Final MCMC Analysis

In the above sub-section, we have derived a new accuratelopleriod for the system HAT-P-24
through the Q — C) analysis, which is the best way to determine the orbitabplesf an exoplanetary
system. Now, we set the orbital period as this new value, bed perform the MCMC calculation
to derive the physical parameters of the system HAT-P-2dedan three new transit light curves

1 hitp://var2.astro.czZZETD/
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Fig.2 The (O — C) diagram for the orbital period study of the HAT-P-24 systdiine star indicates
our new epochs of mid-transit.

Table 3 System Parameters ama Error Limits Derived from the MCMC Analysis

Parameter Symbol Value Unit

Transit epoch To BJDy1c2455629.670530.00034 d

Orbital period P 3.3552479-0.0000062 d

Planet/star area ratio (Rp/Rx)? 0.01129+0.00016

Transit duration tt 0.1535+-0.0022 d

0.0845

Impact parameter b 0.2367"0:0825 R.

Stellar reflex velocity K 83.2+3.3 ms!

Center-of-mass velocity v —0.37f8:§‘é‘ ms-1

Orbital eccentricity e 0.064"5-023

Longitude of periastron w -125.39°357.73 degree

Eccentricityx cos w ecosw —0.051@8:8%35

Eccentricityx sin w esinw —0.0lSIﬁg:g%g

Orbital inclination i 88.21775-73¢ degree

Orbital semi-major axis a 0.046555-00016 AU

Stellar mass M 1.195+0.012 Mg

Stellar radius R 1.321£0.063 Ro

Stellar density s 0.519" 5077 o

Planet radius Ry 1.364+0.068 Ry

Planet mass M, 0.6914-0.027 My

Planet density Pp 0.272+0-044 03
—0.037

Planet temperature Teq 1637132 K

Photometryy?/data points Xf)}mt/Nphot 611.6/617

Radial velocityy?/data points  xZx/Nrv 17.3/18

and the radial velocity curve of Kipping et al. (2010). Hexe, would like to mention that the radial
velocity jitter of 7.4 m s'! introduced by Kipping et al. (2010) is used for the radiabedtly curve in

our MCMC analysis. In the course of the calculation, we hawgedseveral 10chain calculations to
ensure that the posterior probability distribution sarefenverge to the stationary ones. Based on
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the posterior probability distributions, the best valufthe system parameters are derived from their
median values, and the uncertainties of the system paresagtetaken asdlimits of the parameter
spaces. The adopted values and their uncertainties ae iisTable 3 where thg? and the number
of data points are also given for photometry and radial \uglaabservations in the last two lines,
and the relative model fitting is illustrated in Figures 3 @nd he posterior probability distributions
of six main physical parameters describing the HAT-P-24esyisare displayed in Figure 5. It can be
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Fig.5 The posterior probability distributions of some physicatgmeters describing HAT-P-24.

seen that all of these are very close to Gaussian distrifitio
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4 DISCUSSION

Based on the new photometric data and published radial ildata, we have refined the phys-
ical parameters of the transiting exoplanetary system RA by using the MCMC technique.
Comparing our results with those from Kipping et al. (2018g{r tables 4, 5 and 6), it can be seen
that the new physical parameters of the HAT-P-24 systemlaresa consistent with the ones in the
referenced paper, except for the radius of the planet. Oimd peeds to be mentioned: the center-
of-mass velocityy listed in Table 3 is not the real center-of-mass velocityha system. It just
represents an arbitrary offset value in Keck radial vejogieasurements (see details in the paper of
Kipping et al. 2010).

Our new parameters describing the host star are very cldBe tmes from Kipping et al. (2010).
The mass of 1.195/, and the radius of 1.322; confirm the values 1.19%, and 1.31R in
Kipping et al. (2010)’s paper. This indicates that the mdgh@host star derived by the calibration
of Enoch et al. (2010) is very reliable when compared withdhe based on isochrone analysis,
which means that the new mass calibration of Enoch et al.QZi8Xjuite accurate.

For the planet HAT-P-24b, a small eccentricity= 0.064 exists in the orbit, which is identical
to the value of 0.067 given by Kipping et al. (2010)’s globaldaeling and is slightly larger than their
refined valuez = 0.052 (but is still consistent with each other considering thatreé error bars).
The mass of planet 0.69; is quite close to that of 0.68W; in Kipping et al. (2010)’s paper, and
the radius of planeR,, = 1.364R; is larger than their valu&,, = 1.243 R, which confirms it being
an inflated planet.

The new orbital period is a little longer than the old one gty Kipping et al. (2010), and
should be more accurate than the old one because the five epbahid-transit involved in the
analysis are derived from the complete transit light cuw#hl higher precision. In Kipping et al.
(2010)'s work, they only had one complete transit light @with high precision. From Figure 2, it
is clear that the linear fitting to five epochs of mid-trarsigood, and the rms of th&( C) values is
0.000861d (74.4 s). Thus, no obvious TTV signal can be founa the presentedf— C) analysis
of orbital period. One point should be emphasized: as only épochs of mid-transit with high
precision are available up to now, this is not the time to gimg conclusions on the TTV behavior
of HAT-P-24.

The radius of 1.362; is quite large when compared with the theoretical model atrfay
et al. (2007). We have compiled transiting exoplanet systeith similar planetary masses (the
mass region represents 088 of HAT-P-24b plus or minus itsd error limit of 0.03M/;) to HAT-
P-24b from the literature. These are listed in Table 4. THaegfor the orbital semi-major axis

Table 4 The Transiting Systems with Similar Planetary Masses toRAI4

Object My Ry a ae Age  Reference
M5)  (Ry))  (AUY)  (AU)  (Gyn)

HAT-P-27/WASP-40b  0.660 1.038 0.0403 0.0534 4.4  Andersah ¢2011)
Béky et al. (2011)

Kepler-15b 0.66 0.96 0.05714 0.0632 3.7 Endl et al. (2011)
Kepler-6b 0.669 1.323 0.04567 0.0324 3.8 Dunham et al. (2010
HAT-P-4b 0.68 1.27 0.0446  0.0272 4.2 Kovacs et al. (2007)
HD209458b 0.686 1.347 0.04747 0.0366 4.5 Brown et al. (2001)

Mazeh et al. (2000)
Southworth (2010)
HAT-P-24b 0.691 1.364 0.04655 0.0291 2.8 This paper
Kipping et al. (2010)
HAT-P-30/WASP-51b  0.711 1.340 0.0419  0.0293 1.0 Enoch.¢palll)
Johnson et al. (2011)
WASP-35b 0.72 1.32 0.04317 0.0360 5.01 Enochetal. (2011)
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Fig.6 The mass-radius relation diagram of HAT-P-24b (star) arapkznets with similar masses.
For each age, the upper lines represent the theoretical ahgianets at an orbital distance of
0.02 AU, whereas the lower lines represent the ones at atabdistance of 0.045 AU.

(a) of these exoplanetary systems are scaled by using théoredaip ac=a(Le /L.)"/?, so that
the measurements can be compared with theoretical modatséy et al. 2007). These systems
were discovered by photometric surveys, including grobaded instruments and space missions.
According to the theoretical results of Fortney et al. (20@ables 3 and 4 of their paper), we have
produced a mass-radius diagram that includes the thealredilties at an orbital distance of 0.02 AU
and 0.045 AU, and values of these selected exoplanets.

This diagram is shown in Figure 6, where four lines are givartlie coreless planets (which
have larger radii than the ones with core masses) at ages of ar@ 4.5 Gyr. In this diagram,
we can see that only two of the samples are below the uppéslohthe theoretical radii, and the
other six exoplanets are above the theoretical values,hndeénonstrates that these six exoplanets
are inflated. Among them, HAT-P-24b is the most inflated oniis mass region (0.66—0.7275).
This supports Fortney et al. (2007)’s idea, that most hoitdigphave larger radii due to additional
energy sources.

5 SUMMARY

Based on the above analysis for the new photometric obsengaind published radial velocity data,
we have derived new physical parameters describing thsitigmsystem HAT-P-24. The new result
is comparable with the old one (Kipping et al. 2010). Thesbows a small eccentricity= 0.064,
which confirms the discovery of Kipping et al. (2010). Theiwsbf planetR,, = 1.364R; supports
its inflated nature. The new, more accurate orbital peridd is 3.3552479 d, and no obvious TTV
signal can be found from the presentéd{ (') analysis of its orbital period.
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